Platelets are essential for normal hemostasis, but close regulation is required to avoid the destructive effects of either inappropriate platelet activation or excessive responses to injury . Here, we describe a novel complex comprising the scaffold protein, spinophilin (SPL), and the tyrosine phosphatase, SHP-1, and show that it can modulate platelet activation by sequestering RGS10 and RGS18, 2 members of the regulator of G protein signaling family. We also show that SPL/ RGS/SHP1 complexes are present in resting platelets where constitutive phosphorylation of SPL(Y398) creates an atypical binding site for SHP-1. Activation of the SHP-1 occurs on agonist-induced phosphorylation of SHP-1(Y536), triggering dephosphorylation and decay of the SPL/ RGS/SHP1 complex. Preventing SHP-1 activation blocks decay of the complex and produces a gain of function. Conversely, deleting spinophilin in mice inhibits platelet activation. It also attenuates the rise in platelet cAMP normally caused by endothelial prostacyclin (PGI 2 ). Thus, we propose that the role of the SPL/RGS/ SHP1 complex in platelets is time and context dependent. Before injury, the complex helps maintain the quiescence of circulating platelets by maximizing the impact of PGI 2 . After injury, the complex gradually releases RGS proteins, limiting platelet activation and providing a mechanism for temporal coordination of pro thrombotic and antithrombotic inputs. 
Introduction
Platelet responses to most agonists are mediated by G proteincoupled receptors, giving rise to the intracellular events that trigger platelet aggregation and granule exocytosis. 1 It has been known for some time that signaling by G proteins in platelets is subject to regulation by extrinsic factors arising from endothelial cells, especially nitric oxide and prostacyclin (PGI 2 ). 2 However, intrinsic modulators of platelet activation also exist, including members of the RGS (regulator of G protein signaling) family, 3 proteins that suppress G protein signaling by accelerating the hydrolysis of GTP bound to active G ␣ . 4, 5 In contrast to nitric oxide and PGI 2 , RGS proteins are thought to have their effect once activation has begun; hence, the gain of function that we observed when an RGSinsensitive variant of G i2␣ was introduced into platelets. 3 This inhibitory role for RGS proteins produces a potential conundrum: although preventing unwarranted platelet activation is desirable, preventing the rapid onset of the hemostatic response to injury is not. We have, therefore, sought the means by which the onset of signal suppression by RGS proteins can be delayed, allowing signaling to begin. That search brought us to spinophilin (SPL or neurabin-II), a 130-kDa scaffold protein originally identified in screens for brain proteins that can bind to the serine/ threonine phosphatase, PP1, 6 and F-actin, 7 and subsequently found to associate with other proteins as well, 8 including a limited set of G protein-coupled receptors and RGS proteins. [9] [10] [11] [12] Prior evidence suggests that one region of interaction with SPL lies in the third cytoplasmic loop of susceptible G protein-coupled receptors, allowing SPL to compete with ␤-arrestin for receptor binding. However, the relation of SPL to G protein-dependent signaling is not fully understood, leaving unanswered critical questions such as the mechanism by which the formation and dissolution of a putative SPL/RGS complex might be regulated and what effect this might have on cellular events.
Here, we show for the first time that SPL is expressed in quiescent human and mouse platelets where it is associated with the protein tyrosine phosphatase, SHP-1, and the RGS proteins, RGS10 and RGS18. Together they form a previously unrecognized SPL/RGS/SHP1 complex in which an unpaired, constitutively phosphorylated ITIM centered on SPL Y398 performs an atypical role: supporting the binding, but not the activation, of SHP-1. We also show that activation of Src family tyrosine kinases by thrombin leads to phosphorylation of a regulatory tyrosine residue (Y536) in SHP-1, activating SHP-1 bound to SPL and triggering the subsequent dephosphorylation and dissociation of the pSPL/ RGS/SHP1 complex. We propose that the activation of SHP-1 previously bound to tyrosine-phosphorylated SPL provides a link between receptor activation, decay of the SPL/RGS complex, and release of RGS proteins. The effect of these events is suggested by the consequences of manipulating them: preventing dissociation of the complex produces a gain of function, whereas preventing formation of the complex by knocking out SPL in mice produces a net loss of function by impairing responses to PGI 2 in resting platelets and reducing G q -dependent signaling in activated platelets. The data suggest that the pSPL/RGS/SHP1 complex serves as a context-dependent modulator of platelet function, permitting the initial response to injury in quiescent platelets by sequestering RGS proteins and then releasing them after platelet activation begins.
Methods

Materials
PGI 2 , apyrase, and ADP were from Sigma-Aldrich. Thrombin was from Hematologic Technologies Inc. Convulxin (CVX) was from Alexis Biochemicals. U46619 was from Calbiochem. Collagen was from Chrono-log. pEx39Not ϩ containing the cDNA encoding rat SPL was a gift from Dr Patrick Allen (Yale University). Human SHP-1 in pCDNA3.1 was constructed from a pGEX-2T plasmid encoding a GST-SHP-1 fusion protein, 13 which was a gift from Dr Benjamin Neel (Ontario Cancer Institute). Human RGS10 and RGS18 in pCDNA3.1 ϩ were purchased from the Missouri University of Science and Technology. Goat anti-SPL (A-20), mouse anti-RGS10 (A-8), anti-pSHP-1 (Ser591), and anti-pSHP-1 (Y536) were from Santa Cruz Biotechnology. Monoclonal anti-SPL (612166) was from Becton Dickinson. Rabbit anti-RGS18 (LS-C785) was from LifeSpan Biosciences. Anti-pTyr Abs 4G10 and PY20 were from Upstate. Mouse (9B11) and rabbit (71D10) anti-Myc were from Cell Signaling Technology. Rabbit polyclonal G q␣ Ab no. 0945 was provided by Dr David Manning (University of Pennsylvania). 14 NSC-87877 was from Calbiochem. SPL Ϫ/Ϫ mice were generously provided by Dr Paul Greengard (Rockefeller University). 15 The mice had been backcrossed into C57 Bl/6 Ն 7 times. Comparisons were made between SPL ϩ/ϩ and SPL Ϫ/Ϫ mice produced by breeding heterozygotes and performed with protocols approved by the Institutional Animal Care and Use Committee.
Platelet aggregation
Blood was taken from the inferior vena cava of anesthetized mice (100 mg/kg Nembutal) with the use of a heparinized syringe (150 U/mL; 1:9 dilution with blood). Blood was diluted 1:1 with HEPES-Tyrode buffer, and spun at 129g for 7 minutes to prepare platelet-rich plasma. Platelet counts (Beckman-Coulter Z1) were adjusted to 2.5 ϫ 10 8 /mL with autologous platelet-poor plasma. Aggregation was observed in a dual-channel Chrono-log lumi-aggregometer.
Isolation of human platelets
Blood obtained from healthy donors with the use of protocols approved by the University of Pennsylvania Institutional Review Board was anticoagulated 1:5 with ACD (65mM Na 3 citrate/70mM citric acid/100mM dextrose, pH 4.4) and centrifuged at 129g for 20 minutes to obtain platelet-rich plasma. Gel-filtered platelets were isolated with Sepharose 2B (Amersham Pharmacia Biotech). Washed platelets were prepared by sedimentation at 341g for 10 minutes. Platelets were washed with HEN (150mM NaCl/1mM Na 2 EDTA/10mM HEPES, pH 6.5) containing 1M PGI 2 and 1 U/mL apyrase and resuspended in modified Tyrode buffer (137mM NaCl/20mM HEPES/5.6mM glucose/1 g/L BSA/1mM MgCl 2 /2.7mM KCl/3.3mM/ NaH 2 PO 4 , pH 7.4).
Cytosolic calcium
Mouse platelets were isolated and washed as described under "Platelet aggression," incubated with 10 g/mL Fura-2 AM in Tyrode buffer for 45 minutes at room temperature, washed once with HEN buffer, and resuspended in Tyrode buffer at 5 ϫ 10 7 platelets/mL. Chinese hamster ovary (CHO) cells were transfected with Myc-SPL, RGS18, and either wild-type (WT) SHP-1 or SHP-1 Y536F; resuspended in PBS containing 1mM CaCl 2 and 0.1% BSA; and incubated with 10 g/mL Fura-2 AM for 30 minutes at 37°in the dark. Cells were then washed twice with PBS/CaCl 2 buffer and diluted to 10 6 cells/mL in PBS/CaCl 2 buffer. Changes in cytosolic Ca 2ϩ were detected with an SLM/Aminco model AB2 fluorescence spectrophotometer with excitation at 340 and 380 nm and emission at 510 nm.
Rap1 activation
Platelets were washed with 10mM HEPES pH 6.5, 1mM EDTA, 150mM NaCl, 1M PGE 1 and then resuspended in HEPES-Tyrode buffer before use. Each experiment used blood from 2 mice of each genotype adjusted to Ն 3.0 ϫ 10 8 platelets/mL and a total volume of 0.25 mL. After incubation with indicated amounts of PAR4 agonist peptide (AYPGKF) for 5 minutes at room temperature, platelets were lysed with Rap1 activation lysis buffer containing protease inhibitors and spun in a microcentrifuge at high speed for 10 minutes at 4°C to remove cell debris. Lysates were removed and processed with the Rap1 Activation Assay kit from Millipore. Quantitation was performed with ImageJ Version 1.42q software (National Institutes of Health).
cAMP formation
Except for the basal cAMP determinations, washed platelets (2.5 ϫ 10 8 / mL) were incubated for 30 minutes at 37°C with 500M 3-isobutyl-1-methylxanthine to inhibit cAMP phosphodiesterase activity. Platelets were stimulated with 15M PGI 2 and ADP for 10 minutes as indicated. The reaction was stopped with the addition of 1 volume of 10% ice-cold TCA after which the samples were mixed by vortexing, lysed by rapid freezing and thawing, and then spun to remove precipitates. cAMP was measured with the Biotrak EIA system from GE Healthcare. Samples used to measure basal cAMP levels were not incubated with 3-isobutyl-1-methylxanthine, PGI 2 , or ADP.
Vascular injury
In the carotid artery injury model, the right common carotid artery of 8-to 12-week-old mice was exposed by blunt dissection and placed in contact for 2 minutes with a strip of no. 1 Whatman filter paper soaked with 10% FeCl 3 . After rinsing with saline, blood flow was recorded with a Doppler flow probe for 30 minutes and the time to first occlusion was determined. 16 For additional materials and methods, see supplemental Methods (available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Results
Spinophilin associates with RGS18 and RGS10 in resting platelets and CHO cells
Western blot analyses show that SPL is expressed in human and mouse platelets, comigrating with brain SPL ( Figure 1A ). RNA transcripts encoding as many as 10 RGS proteins have been reported in platelets. [17] [18] [19] [20] [21] [22] However, we were able to detect only 2 (RGS10 and RGS18; Figure 1B ), which is consistent with transcriptome data. 23 Although not reported previously, the following observations indicate that SPL can bind to both of these RGS proteins: in resting platelets and serum-starved CHO cells, immunoprecipitating RGS10 or RGS18 coprecipitated SPL ( Figure  1C-D) . Conversely, precipitating epitope-tagged SPL from CHO cells coprecipitated RGS18 ( Figure 1D ). Finally, GST-RGS18 (but not GST), retrieved Myc-tagged SPL from CHO cell lysates ( Figure 1E ). CHO cells were also used to map the site of interaction of RGS18 with SPL (supplemental Figure 1) . Binding localized to SPL (586-664), which is distinct from the previously reported RGS2 binding site. 9 In terms of specificity, RGS10 and RGS18 have been shown to interact with G i␣ family members; RGS18 can bind G q␣ as well ( Figure 1F) . 20, 24 In the studies that follow, we have chosen to focus primarily on RGS18, but we present evidence that RGS10 behaves in a similar manner.
Agonist-selective dissociation of the SPL/RGS complex during platelet activation
Platelets were incubated with either the agonist peptide, SFLLRN (to activate PAR-1 thrombin receptors), U46619 (TxA 2 [thromboxane A 2 ] receptors), ADP (P2Y 1 and P2Y 12 ), or collagen (GPVI/FcR␥-chain). SFLLRN and U46619 are potent activators of G q -mediated events in platelets, ADP is less so, and collagen is not at all except indirectly by causing the release of TxA 2 and ADP. 1 SFLLRN and U46619 triggered dissociation of the SPL/RGS complex, reaching completion 30-45 seconds after agonist addition (Figure 2A -B).
ADP also caused dissociation of the complex, but this effect was reduced by pretreating the platelets with aspirin (ASA), suggesting that it is mediated by released TxA 2 ( Figure 2C ). Similarly, collagen also caused dissociation of the complex, but ASA and apyrase (the latter added to hydrolyze released ADP) blocked this effect ( Figure 2D ).
Spinophilin is tyrosine phosphorylated in resting platelets and undergoes dephosphorylation during platelet activation
Although tyrosine phosphorylation of SPL has not previously been described, mammalian SPL contains 14 conserved tyrosine residues. Western blot analysis shows that SPL is tyrosine phosphorylated in resting platelets and becomes dephosphorylated when platelets are activated, dephosphorylation occurring in the same time frame as dissociation of the SPL/RGS complex ( Figure  3A-B) . Dephosphorylation was also observed in CHO cells expressing Myc-tagged SPL ( Figure 3C ), but as will be shown in supplemental Figure 3A , only when the CHO cells were cotransfected with SHP-1, which they do not normally express. In contrast, ADP and collagen had little, if any, effect on SPL tyrosine phosphorylation in platelets when secondary formation of TxA 2 was prevented ( Figure 3D) . Thus, the agonists that cause dissociation of the pSPL/RGS complex are those that also cause dephosphorylation of SPL.
Spinophilin forms a complex with SHP-1
With the use of site-directed mutagenesis, we determined that the sites of phosphorylation in SPL are Y398 and Y483 ( Figure 3E) . Inspection of the sequence surrounding Y398 suggested that it could serve as an ITIM (I/V/L/SxY(p)xx(I/V/L) and potentially form a binding site for the nonreceptor protein tyrosine phosphatases, SHP-1 and SHP-2, by their tandem SH2 domains. [25] [26] [27] ITIM domains typically come in pairs, allowing concurrent binding to tandem SH2 domains. However, Y483, the only other phosphorylated tyrosine residue in SPL, is located farther from Y398 than is usually the case for paired ITIM domains, and the sequence surrounding Y483 does not fit an obvious consensus sequence. In terms of potential ITIM partners for SPL, platelets express both SHP-1 and SHP-2, the latter being ubiquitously expressed, whereas SHP-1 is primarily expressed in hematopoietic cells. 28 , 29 We began with SHP-1, probing for an association with SPL in lysates from resting human platelets ( Figure 4A-B 
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SPL also coprecipitates with RGS18. To determine whether SPL, RGS proteins, and SHP-1 form a ternary complex, CHO cells were transfected with RGS18 and SHP-1 with and without SPL. The results show that SHP-1 coprecipitates with RGS18 only when SPL is present ( Figure 4E ). Thus, these molecules form at least a ternary complex.
SHP-1 binding site on SPL is an unpaired ITIM
The di-Y398/483F substitution that abolished the tyrosine phosphorylation of full-length SPL (shown in Figure 3E ) also reduces the association of SHP-1 with SPL (supplemental Figure 2A) , suggesting that phosphorylation of one or both of these tyrosine residues is required for SHP-1 binding. However, note that the reduction was incomplete, suggesting that there is an additional interaction site. This additional site maps to the C-terminus of SPL in a fragment that encompasses residues 586-817 (supplemental Figure 2B) . Although this region includes 7 tyrosine residues, none resemble an ITIM and none appear to be phosphorylated.
The relative contributions of pY398 and pY483 were assessed with a SPL fragment (residues 376-586) that encompasses both tyrosines, but not the secondary SHP-1 binding site located nearer to the SPL C-terminus. When transfected into CHO cells, SPL (376-586) associated with SHP-1, as did the same fragment with Y483 replaced with Phe. Replacing both tyrosine residues abolished SHP-1 binding, as did replacing Y398 alone ( Figure 4F ). Thus, it appears that the single phosphorylated ITIM in SPL is both necessary and sufficient for the binding of SHP-1 to SPL. However, as will be shown below, it is not sufficient to activate the phosphatase, which is the normal outcome when SHP-1 and SHP-2 bind to paired ITIMs. 29 Thus, the interaction of SHP-1 with SPL is atypical in this regard.
pSPL/SHP1 complex dissociates when platelets are activated
As already noted, SHP-1 is bound to SPL in resting platelets ( Figure 4A -B) and serum-starved CHO cells ( Figure 4C ). Adding SFLLRN or U46619 caused dissociation of the complex in platelets (Figure 4A ), as did incubating CHO cells with thrombin ( Figure 4D ). In contrast, when secondary TxA 2 formation was prevented, neither collagen nor ADP induced complex dissociation ( Figure 4B) . Thus, the agonists that cause dissociation of SHP-1 from SPL in platelets are the same ones that trigger the dephosphorylation of SPL and the release of RGS proteins from SPL.
SHP-1 activation is required for dephosphorylation and dissociation of the pSPL/RGS/SHP1 complex
To investigate the role of SPL-bound SHP-1, we preincubated platelets with SHP-1/SHP-2 inhibitor, NSC-87877 30 and then stimulated with either SFLLRN or U46619. The inhibitor prevented the dephosphorylation of SPL ( Figure 5A ). It also prevented release of SHP-1 and RGS18 from SPL ( Figures 4A and 5B ). This suggests that activation of SHP-1 is required for all of these events. As a further test, we transfected CHO cells with SPL in the presence and absence of SHP-1 and found that thrombin caused dephosphorylation of SPL only when SHP-1 was present (supplemental Figure 3A) . Because CHO cells express SHP-2 endogenously (supplemental Figure 3B) , 31 these observations indicate that (1) activation of SHP-1 is needed for dephosphorylation and dissociation of the pSPL/RGS/SHP1 complex, and (2) SHP-2 is unable to substitute for SHP-1. 
Thrombin activates SHP-1 bound to SPL by causing phosphorylation of SHP-1 Y536
To determine whether thrombin activates the SHP-1 bound to pSPL, we cotransfected CHO cells with Myc-tagged SPL and SHP-1, immunoprecipitated SPL, and assayed phosphatase activity in the precipitate. There was a 3-fold increase in phosphatase activity 30 seconds after the addition of thrombin followed by a gradual decrease ( Figure 5C ). Because this increase was only observed when SHP-1 was present, unanticipated coprecipitation of a different tyrosine phosphatase is unlikely (supplemental Figure 3C) .
Others have shown that SHP-1 activity can be regulated by both tyrosine and serine phosphorylation. 28, 32, 33 Phosphorylation of Y536 and Y564 stimulates phosphatase activity with Y536 phosphorylation having the greater effect. 32 With the use of an Ab specific for SHP-1 pY536, we found that SPL-associated SHP-1 became phosphorylated within 30 seconds of thrombin addition, after which SHP-1 phosphorylation, like SHP-1 phosphatase activity, declined ( Figure 5D top) . Preincubating the cells with PP2 to inhibit Src family kinase activity 34 prevented the increase in SHP-1(Y536) phosphorylation. The inactive congener, PP3, had no effect ( Figure 5D bottom) . In contrast, although we were able to detect serine-phosphorylated SHP-1 in total cell lysate with the use of an Ab specific for pSer591, we were not able to detect serine-phosphorylated SHP-1 in the fraction of SHP-1 that is bound to SPL (supplemental Figure 4) . Therefore, SPL-bound SHP-1 appears to be regulated by tyrosine not by serine phosphorylation.
Finally, to determine whether SHP-1 (Y536) phosphorylation provides a necessary link between thrombin receptor activation and the increase in SPL-associated SHP-1 phosphatase activity, we cotransfected CHO cells with SPL and an SHP-1 variant in which Y536 was replaced with Phe. The variant showed no increase in phosphatase activity in response to thrombin ( Figure 5E ) and, like the WT protein in the presence of the SHP-1 inhibitor, failed to dissociate from SPL when thrombin was added ( Figure 5F ).
Knocking out SPL in mice inhibits signaling in platelets
SPL Ϫ/Ϫ mice have a mild growth defect, diminished brain size, impaired memory, dysregulated dendritic spine formation, and defects in glutaminergic and dopaminergic transmissions. 15, 35, 36 Their platelet counts are normal (mean Ϯ SD, 1.35 Ϯ 0.23 ϫ 10 8 / mL) compared with WT platelets (mean Ϯ SD, 1.38 Ϯ 0.34 ϫ 10 8 / mL), as is expression of RGS10 and RGS18 in SPL Ϫ/Ϫ platelets (supplemental Figure 5 ). If association with SPL promotes the interaction of RGS proteins with activated G proteins, then the SPL knockout would be expected to produce a gain of function. However, if association with SPL inhibits the interaction of RGS proteins with G proteins, then the SPL knockout would be predicted to cause a loss of function. To determine which is the case, we measured changes in the platelet cytosolic Ca 2ϩ concentration in response to the PAR4 (thrombin receptor) agonist, AY-PGKF. Figure 6A shows that in control platelets AYPGKF evokes a rapid increase in cytosolic Ca 2ϩ , peaking at Ͼ 1M. By comparison, the Ca 2ϩ increase in SPL Ϫ/Ϫ platelets was delayed, occurred more slowly, and rose only half as high. No effect of SPL deficiency was observed on the platelet response to collagen measured in the presence of ASA and apyrase (supplemental Figure 6) .
As a second index of G q -dependent signaling, we measured Rap1 activation. 37 The increase in Rap1-GTP caused by AYPGKF was only half as great in SPL Ϫ/Ϫ platelets as in controls ( Figure  6B) . Thus, the SPL knockout clearly reduces G q -mediated signaling in platelets. These results indicate that a primary role for SPL in platelets is to inhibit, rather than promote, the interaction of RGS proteins with G q .
Because RGS10 and RGS18 can also bind to G i family members, we examined the effects of the SPL knockout on cAMP levels in resting platelets and in platelets stimulated with PGI 2 in the presence or absence of ADP. Basal cAMP levels were normal in SPL Ϫ/Ϫ platelets, and there was no reduction in the ability of ADP to inhibit PGI 2 -stimulated cAMP formation ( Figure 6C) . However, the increment in cAMP levels observed on stimulation with PGI 2 in the absence of ADP was only half as great in SPL Ϫ/Ϫ platelets as in controls (mean Ϯ SEM, 36.3 Ϯ 9.5 vs 65.4 Ϯ 0.5 pmol/10 8 platelets after subtracting background; N ϭ 3; P ϭ .038). These results show that SPL is not linked to G i -mediated ADP signaling in platelets, but they also suggest that the RGS proteins that associate with SPL in platelets may attenuate activation of adenylyl cyclase as RGS2 has been reported to do. 38, 39 
Knocking out SPL impairs platelet function in vitro and in vivo
On the basis of the observations above, we predicted that SPL deficiency would have complex effects on global platelet function because the absence of SPL would leave RGS proteins free to affect events that are antithrombotic (cAMP formation) as well as those that are prothrombotic (G q signaling). Stated differently, the defects we observed in Ca 2ϩ regulation and Rap1 activation in SPL Ϫ/Ϫ platelets in vitro would be expected to translate into an activation defect in vivo, but a reduction in the ability of PGI 2 to raise platelet cAMP levels would be expected to produce a gain of function. 40 To determine the net effect of these 2 potentially opposing consequences of the SPL knockout, SPL Ϫ/Ϫ platelet function was tested in vitro and in vivo. In the aggregation assays, which are performed in the absence of a source of PGI 2 , platelets were stimulated with AYPGQV, U46619, ADP, and 2 collagen receptor agonists, collagen and CVX. A pronounced rightward shift in the dose/response curves for AYPGQV and U46619 was observed in the knockout ( Figure 6D ). In comparison, the aggregation responses to ADP, collagen, and CVX were essentially normal, especially when taking into account the secondary contribution of released TxA 2 when platelets are stimulated with collagen and other CVX. Thus, the knockout impaired responses to agonists that can trigger dissociation of the pSPL/RGS/SHP1 complex but had no effect on the agonists that do not.
A loss of function was also seen when an oxidative injury was produced by applying FeCl 3 to a surgically exposed carotid artery. 16 This model is known to be sensitive to PGI 2 formation as indicated by the substantial increase in thrombosis observed in mice that lack PGI 2 receptors. 40 Here, we found that the average time to occlusion was ϳ 6 minutes in control mice, increasing ϳ 57% to almost 10 minutes in SPL Ϫ/Ϫ mice (P ϭ .007; Figure  6E ). These results indicate that deleting SPL produces a net loss of platelet function despite attenuation of the inhibitory effect of PGI 2 .
Preventing RGS protein release from the SPL/RGS/SHP1 complex produces a gain of function
Because knocking out SPL produces a net loss of function, we next asked whether preventing dissociation of the complex would produce a gain of function. This was accomplished by replacing WT SHP-1 in CHO cells with the Y536F variant that can bind to SPL but is incapable of being activated. As already noted, this variant blocks dissociation of the pSPL/RGS/SHP-1 complex ( Figure 5F ). CHO cells were transfected with Myc-tagged SPL, RGS18, and either WT SHP-1 or the SHP-1 Y536F variant. For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From Changes in cytosolic Ca 2ϩ concentration were measured after the addition of thrombin. A gain of function was observed in cells expressing the SHP-1 Y536F variant ( Figure 6F ). Thus, in contrast to the knockout, which precludes formation of the pSPL/RGS/ SHP1 complex, preventing SHP-1 activation results in an increase in G q -dependent signaling.
Discussion
Achieving an optimal platelet response to vascular injury means finding a balance between an inadequate response that will not achieve hemostasis and an overly robust response that can lead to arterial occlusion. The present study is part of an ongoing effort to understand the intrinsic mechanisms that modulate signaling in platelets so that an optimal response can be achieved. Having recently established that RGS proteins play an inhibitory role in platelets, 3 we asked whether the negative feedback provided by RGS proteins might itself be coordinated so that it limits, rather than prevents, platelet accumulation after injury. Figure 7A through D shows a working model that encompasses our observations. In resting platelets, RGS10 and RGS18 are bound to SPL that is phosphorylated on Y398 and Y483. On the basis of the sequence surrounding Y398 and our finding that replacing it with Phe blocks SHP-1 binding, we propose that phosphorylated Y398 is part of an unpaired ITIM that can support SHP-1 binding. SHP-1 typically binds to paired ITIMs, which engage both of its SH2 domains, activating the phosphatase catalytic domain by disengaging it from inhibitory intramolecular interactions with the N-terminal SH2 domain. 27 However, this is clearly not the case for SPL whereby only one ITIM is present and the SHP-1 which is bound to SPL is inactive. Thus, we propose that SPL is an atypical binding partner for SHP-1, one in which the single SPL ITIM domain engages the C-terminal SH2 domain in SHP-1, allowing SHP-1 to bind without being activated (supplemental Figure 7) . Instead, activation of SPL-bound SHP-1 requires phosphorylation of SHP-1 Y536, an event most probably mediated by a Src family member on the basis of both our observations and the literature. 32, 41, 42 Although examined for different reasons, Pasquet et al suggested that the activation of Src family kinases in platelets by thrombin occurs downstream of a G q -mediated increase in platelet Ca 2ϩ . 33 If so, then this closes a loop in which the onset of signaling activates SHP-1, releasing RGS proteins from SPL and, therefore, dampening signaling.
As noted earlier, overexpression of RGS proteins inhibits signaling, whereas preventing RGS interactions with activated G i2␣ in platelets produced a gain of function. 3 The loss of function that we observed in SPL Ϫ/Ϫ platelets suggests that RGS10 and RGS18 bound to SPL are functionally sequestered in resting platelets and that their release on platelet activation allows them preferential access to activated G q␣ , dampening signaling ( Figure 7E ). In the absence of SPL, G q -mediated signaling is suppressed prematurely. For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From Conversely, preventing SHP-1 activation by replacing SHP-1 Y536 with Phe produces a gain of function by preventing the release of RGS proteins ( Figure 7F ).
In addition to inhibiting G q -mediated signaling, knocking out SPL also attenuates the ability of PGI 2 to raise cAMP levels in platelets. Others have shown that RGS2, an RGS family member related to RGS18, can suppress cAMP formation by directly interacting with adenylyl cyclase type III, 38 the isoform expressed in platelets. 23, 43 Given that report and the observations presented here, we propose that in circulating platelets the ability of SPL to sequester RGS proteins also facilitates a maximal response to PGI 2 , helping to maintain the platelets in a quiescent state. The attenuated response to PGI 2 that we observed in the knockout may, as already noted, partially mitigate the effects of SPL deficiency on platelet activation in vivo.
Thus, it appears that activation of SPL-bound SHP-1 provides a link between receptor activation and dissociation of the SPL/RGS complex. The selectivity of the link is reflected by the precise correspondence between the agonists that cause dephosphorylation and dissociation of the pSPL/RGS/SHP1 complex and those whose effects are impaired in SPL Ϫ/Ϫ platelets. The lack of an effect on collagen signaling is perhaps to be expected because collagen receptors are not coupled to G proteins. ADP, however, activates 2 G protein-coupled receptors on platelets, one of which, P2Y 1 , interacts with G q . 1 However, P2Y 1 is not expressed at high levels on platelets, and ADP is not as robust an activator of G q as are thrombin and TxA 2 , which may keep it from activating the kinase that phosphorylates SHP-1. 1 Alternatively, P2Y 1 may not be one of the subset of G protein-coupled receptors to which SPL can bind. The lack of an effect on responses to some agonists appears to rule out a global defect in platelet function in the SPL Ϫ/Ϫ platelets, but a further possibility, which is that loss of SPL results in a selective decrease in PAR4 and TxA 2 receptor expression, cannot be fully excluded at this time as a contributing factor to the results we obtained.
Although here we have focused on platelets, SPL is widely expressed, opening the possibility that the conclusions apply to other types of cells as well. SHP-1, however, is primarily expressed in hematopoietic cells. 29, 44 Previous investigators working on nonhematopoietic cells have proposed that SPL helps to promote the interaction of RGS proteins with G proteins. 45 Consistent with this hypothesis, ␣-adrenergic receptor signaling is inhibited less well by SPL in cells lacking RGS2, and, conversely, RGS2 is less effective at inhibiting signaling in cells that lack SPL. 9 This does not appear to be the case in platelets whereby the SPL knockout produces a net loss of function. Because SHP-2 does not appear to bind to SPL, the differences between cell types may reflect the presence or absence of SHP-1.
In conclusion, the present studies describe a novel mechanism by which a complex of SHP-1 and SPL can regulate responses to selected agonists and PGI 2 in platelets by retaining and releasing RGS proteins. Putting our observations together with what is already known about extrinsic regulators of platelet function such as PGI 2 leads us to suggest that the role of SPL occurs in 3 phases. In circulating platelets that have not been exposed to activators, the phosphorylated SPL/RGS/SHP-1 complex helps to maintain the quiescent state by maximizing the effects of endothelial PGI 2 . In acutely activated platelets, the complex helps to prevent premature termination of G q -mediated signaling within platelets by restraining RGS proteins. Finally, in platelets that have been turned on long enough for signaling to initiate decay of the SPL/RGS/SHP-1 complex, SPL helps to place a limit on the extent of platelet accumulation by increasing the local concentration of available RGS18 and RGS10, targeting the RGS proteins to the vicinity of receptors able to interact directly with SPL. In other words, the pSPL/RGS/SHP1 complex provides not only a regulatory link but also a mechanism for conferring signaling selectivity and coordinating prothrombotic and antithrombotic inputs.
